We propose and demonstrate a new data-aided in-band optical-signal-to-noise ratio (OSNR) monitoring method, which employs the periodic property of a specially designed short training sequence to differentiate the signal power from noise and is proved to be insensitive to the first-order polarization mode dispersion (PMD). This method is verified in a typical 112-Gb/s polarization multiplexed-quadrature phase shift keying and a 224-Gb/s polarization multiplexed-16 quadrature amplitude modulation coherent optical transmission system. The results show that the method is highly accurate, with the monitoring error less than 1 dB in the OSNR range of 7-30 dB under different linewidths and has good robustness to a large amount of residual accumulated CD and first-order PMD.
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Introduction
As a critical optical performance parameter, optical signal to noise ratio (OSNR) can reflect the channel quality directly and plays a fundamental role in optical communication systems and networks. Due to this fundamental role, a precise OSNR monitoring method is always expected by the industry and research communities in optical communications. Since the OSNR is defined as the ratio of the signal power to the noise power, the key to the OSNR monitoring is the separation of the power of the signal and the noise. In conventional point-to-point wavelengthdivision multiplexing (WDM) systems, with the uniform noise spectrum assumed, wide guard band between adjacent wavelength channels can be utilized to determine the noise power and a linear interpolation based out-of-band OSNR monitoring method is given in related standards [1] . However, along with the rapid development of the high speed coherent optical communication systems and dynamic optical networks, a variety of new features emerge continuously, such as the reduction of the guard band like the superchannel concept and the additional optical filtering induced by the widely deployment of the reconfigurable optical add/drop multiplexer (ROADM). In these scenarios, the out-of-band noise is not only too difficult to be determined, but also cannot indicate the in-band noise correctly. Therefore, both these two factors lead to the malfunction of the conventional out-of-band OSNR monitoring and current research interests have moved to the in-band OSNR monitoring.
Several promising in-band OSNR monitoring methods have been proposed. Among these methods, some are applicable in the immediate nodes of the optical networks with some additional devices used, such as polarization analysis based [2] , [3] , interferometer based [4] - [6] , nonlinear optics based [7] , [8] , beat noise analysis based [9] , electrical sampling [10] . Compared with the above methods, there are also some OSNR monitoring methods enabled by the digital coherent receiver. With the aid of the digital coherent receiver, the optical signal can be translated into the electric domain with all information preserved, which means more freedom is provided for the in-band OSNR monitoring. Furthermore, the latter methods can be easily integrated into the DSP module in the digital coherent receiver without any cost of the hardware and are the prime choices in digital coherent receiver.
In-band OSNR monitoring methods in digital coherent receiver can also be divided into two categories: blind and data-aided. Blind methods based on error vector magnitude (EVM) [11] and statistical moments [12] - [14] have been proposed. These methods need to equalize the entire data frame first and are easily affected by the performance of the equalization. Moreover, the equalization is involved with computation heavy iterative algorithms and the power consumption becomes a problem for future higher speed coherent optical transmission systems. While in data-aided methods, only the training sequence (TS) is need to be equalized first and dataaided channel estimation [15] and equalization [16] is possible, which can reduce the computation complexity significantly. Since the TS is independent of the data part, data-aided methods have good scalability to future coherent systems. Along with the development of the faster analog to digital converter (ADC), the overhead requirements are no longer a major limiting factor [17] . So as a promising trend, data-aided in-band OSNR monitoring methods using moving average filter (MAF) [18] and minimum mean square error (MMSE) filter [19] and based on analyzing spectral property of the TSs in low bandwidth coherent receivers [20] are proposed.
In this paper, a new data-aided in-band OSNR monitoring method in digital coherent receiver is proposed, which utilizes the periodic property of a specially designed short training sequence to differentiate the signal power from noise and is proved to be insensitive to the first order PMD by theoretical derivation and simulation.
Operating Principle

Periodic Property of the Signal and the In-Band Noise
For simplicity and without loss of generality, a single polarization coherent optical transmission system is assumed in our theoretical analysis firstly. A typical block diagram of the coherent optical transmission system operating in the linear regime is shown in Fig. 1 , where a n is the transmitted information symbols, pðt Þ, cðt Þ, and qðt Þ are the unit impulse response of the pulse shaping filter, the optical fiber channel, and the receive filter, respectively; and w ðt Þ is the amplified spontaneous emission (ASE) noise, which is introduced mainly by the Erbium doped fiber amplifier (EDFA) in amplified links and is traditionally modeled as an additive white Gaussian noise (AWGN).
According to the block diagram, the received signal r ðtÞ can be expressed as where T s is the symbol period, hðt Þ is the impulse response of the generalized channel comprising the pulse shaping filter, the optical fiber channel and the receive filter. On the right-hand side of (1), the first term represents the signal and the second term represents the in-band noise resulting from the white noise w ðt Þ passing through the receive filter qðt Þ. It is clear that the periodic property of the signal, which is designed into the information symbols a n , is unaffected by the generalized channel hðtÞ consists of the pulse shaping filter, the linear optical channel impairments and the receive filter, whereas the in-band noise is non-periodic. As well known, the zero delay value of the autocorrelation function of a signal is equal to the signal power and the autocorrelation function of a periodic signal is also periodic with the same period, while that of a non-periodic signal is non-periodic. Although the information symbols a n is random and nonperiodic in general, a periodic training sequence can be designed specifically to aid our monitoring. Therefore the idea is constructing a periodic training sequence first and then using the autocorrelation function of the received training sequence to separate the signal power from the noise power at the time delay of integer multiple periods of the training sequence.
Structure of the Periodic TS and the Operating Principle
As mentioned above, the transmitted information symbols a n is frame configured and the frame structure of the data stream is shown in Fig. 2 . Every frame is composed of a short periodic training sequence denoted as TS and long useful data denoted as DATA. The periodic TS is constructed by repeating the sequence S N times and the sequence S is chosen as a constant amplitude zero autocorrelation (CAZAC) sequence with length L for frame synchronization. So the period of the TS is LT s after modulation. In the receiver side, the TS will be extracted and used for monitoring the OSNR of the whole frame.
The operating principle of this monitoring method will be stated in details in the following part. And for simplicity, the period of the TS is denoted as T instead of LT s , and the continuous time notation is adopted.
With the assumption of all other impairments fully equalized, the received TS can be expressed as
where sðt Þ is the transmitted TS instead of P 1 n¼À1 a n hðt À nT s Þ, w ðt Þ is the in-band noise instead of w ðt Þ qðt Þ for convenience.
Since the transmitted TS sðtÞ is uncorrelated with the noise w ðt Þ, the autocorrelation function of the received TS r ðt Þ is R r ðÞ ¼ R s ðÞ þ R w ðÞ
where is the time delay. The autocorrelation function of an arbitrary signal at zero delay equals its power, which can be confirmed by the definition of the autocorrelation function as According to (3) and (4), the power of r ðt Þ is
where P s is the signal power, and P w is the in-band noise power.
Since the autocorrelation function of the periodic signal sðtÞ is also periodic with the same period T , which can be confirmed as
We can obtain the signal power at the time delay of integer multiple T , as follows
The in-band noise can be viewed as the output of the AWGN passing through the low-pass filter. According to the Winner-Khintchine theorem, its autocorrelation function is
where N 0 =2 is the double side power spectral density of the AWGN, F À1 fg is the inverse Fourier transform andqðf Þ is the transfer function of the low-pass filter.
Using the ideal rectangular low-pass filter with cut off frequency of 1=T s , the autocorrelation function of the in-band noise can be calculated as Fig. 3 shows the autocorrelation function of the AWGN and the in-band noise resulting from the AWGN passing through various typical low-pass filter, of which the cut off frequency are all 1=T s . From Fig. 3 , it is clear that the autocorrelation function of the in-band noise decays along the time delay in all cases and the correlation time is about T s =2. Therefore as long as the period of the TS T is larger enough than the correlation time T s =2, the value of the autocorrelation function at the time delay of integer multiple periods can be ignored. Practically, this condition is satisfied easily with only several or tens of symbols in a period. According to (3), (5), and (7), we have
Therefore, the in-band noise power is An intuitive illustration of the autocorrelation function of the received TS is shown in Fig. 4 . For simplicity, only the function of the positive range of time delay is displayed. It is clear that at the location of the integer multiple periods of the transmitted TS, the signal power appears, while the in-band noise power vanishes. Therefore, using the values of the autocorrelation function at the zero delay and the delay of the integer multiple periods, the signal power and the noise power can be obtained.
According to (8) and (9), the received SNR can be obtained as
and the corresponding OSNR is
where B ref is the optical reference bandwidth, which is equal to 0.1 nm, and R s is the Baud rate [18] .
Effect of the PMD
The above derivation is based on the single polarization coherent optical transmission system. In this part, we will discuss the above topic in a polarization multiplexed system, and investigate the effect of the polarization mode dispersion (PMD) on this in-band OSNR monitoring method. With the first order PMD taken into consideration, the received signal for a polarization multiplexing coherent optical transmission system in frequency domain can be represented asr 
where~represents the Fourier transform of the corresponding signal. Its component form isr where is the angle between the slow axis and the horizontal polarization state, and Á is the differential group delay.
Since the transmitted signal s x and s y is uncorrelated with the noise component w x and w y , and the s x and s y has low correlation with each other, the power spectral density of r x is
In the same manner, the power spectral density of r y is
Adding (17) and (18), we can have
Using Winner-Khintchine theorem, the autocorrelation function of the received signal is R r x ðÞ þ R r y ðÞ ¼ R s x ðÞ þ R s y ðÞ þ R w x ðÞ þ R w y ðÞ:
According to (20) , the first-order PMD makes no change in the autocorrelation function of the transmitted signal; therefore, we can conclude that this in-band OSNR monitoring method is independent of the first order PMD and PMD compensation to the TS is unnecessary. In practical case, the periodical TS has short length and the DATA part may interfere with the TS under the effect of the PMD. Therefore cyclic prefix/postfix is added to the TS to protect against the effect.
Simulation Setup and Results Analysis
Simulations using VPITransmissionMaker 9.0 are carried out to verify the above in-band OSNR monitoring method. Fig. 5 shows the simulation setup for a 112 Gb/s polarization multiplexedquadrature phase shift keying (PM-QPSK) and a 224 Gb/s polarization multiplexed-16 quadrature amplitude modulation (PM-16QAM) coherent optical transmission system.
The simulation setup is stated as follows. In the transmitter side, the optical carrier from the CW Laser is divided into two beams by a polarization beam splitter (PBS), both of which are separately modulated by an in-phase quadrature-phase modulator (IQM) driven by two 28 Gb/s binary levels electrical signals for QPSK (and by two 28 Gb/s quadruple levels electrical signals for 16QAM). In both polarizations, every frame has 8192 symbols and every TS has two replicas of a CAZAC sequence of length of 16 symbols individually as shown in Fig. 2 . Then, the two modulated optical signals are combined by a polarization beam combiner (PBC) to form the polarization multiplexed optical signal, which is launched into the optical fiber channel subsequently. In the optical channel, which is band limited by two 3-order Gaussian optical band-pass filters with 3dB bandwidth of 100 GHz individually, the polarization multiplexed optical signal passes through the optical fiber, the PMD emulator, and the set OSNR module successively.
After coherent detection, low-pass filtering and two-fold oversampling, four tributaries of I x ½n, Q x ½n, I y ½n, and Q y ½n are acquired and sent to the DSP module subsequently. Fig. 6 shows the structure of the DSP module, which is implemented using MATLAB. After CD compensation and frame synchronization, the TS is extracted and sent to the OSNR monitor to calculate the SNR and the corresponding OSNR. Fig. 7 shows the OSNR monitoring results as a function of different linewidth. In this case, the true OSNR is set in the range of 6 $ 30 dB with a step size of 2dB and both of the linewidth of the CW laser and the local laser are set to be 0 kHz, 100 kHz, 150 kHz, 400 kHz, and 1 MHz respectively. These values of linewidth are well chosen according to the commercially available laser used for the 100G/B100G coherent optical transmission systems. From the Fig. 7(a) for QPSK format and Fig. 7(b) for 16QAM format, the range of the maximum monitoring error less than 1 dB is 7 $ 30 dB for both modulation formats and that less than 0.5 dB is 10 $ 28 dB for QPSK format and 10 $ 26 dB for 16QAM format. And this method shows high tolerant to the phase noise of the laser. Fig. 7 also show that the monitoring error increases along with the true OSNR decreases. This phenomenon can be explained as follows. In our proposed method, we utilize the different properties of the autocorrelation function of the periodic TS and the noise to separate the signal and noise power. The values of the autocorrelation function of the periodic TS at the location of nonzero integer multiple periods of the TS equal the signal power, while that of the noise at the same location equals zero in the theoretical case and a small nonzero value in the practical case. The nonzero value should be the primary error source and its effect will be significantly higher when the signal power is relatively low or the noise power is relatively high. In other words, the monitoring error shows higher at the low OSNR than that at the high OSNR. Fig. 8 shows the OSNR monitoring results under the effect of the residual accumulated chromatic dispersion (CD). Since the proposed method is after the CD compensation stage, the typical residual accumulated CD shall not exceed 500 ps/nm after CD compensation. We emphasize on the tolerance of the proposed method to the residual accumulated CD. Actually, as mentioned in Section 2.1, the CD can be modeled as a linear filter, which is contained in the generalized channel and makes no impact on the periodic property of the signal. And the cyclic prefix/postfix (CP) surrounding the periodic TS can overcome the interference from the neighboring DATA under the effect of the residual accumulated CD. These factors can make this method tolerate the residual accumulated CD. Therefore in this case, with five typical values of OSNR given, the effect of the residual accumulated CD up to 500 ps/nm is investigated with a step size of 50 ps/nm. From the Fig. 8(a) for QPSK format and Fig. 8(b) for 16QAM format, the maximum monitoring error is less than 0.8 dB. Therefore, this method shows high tolerant to the residual accumulated CD. Fig. 9 shows the OSNR monitoring results under the effect of the first order PMD, which is quantified by differential group delay (DGD). In this case, with five typical values of OSNR given, the effect of the DGD up to 100 ps is investigated with a step size of 5 ps. From the Fig. 9(a) for QPSK format and Fig. 9(b) for 16QAM format, the maximum monitoring error is less than 0.9 dB. The small fluctuation in the curve should be induced by the imperfect uncorrelation between the TSs in both polarizations and the periodic trend is corresponding to the symbol period of the adopted systems. In our case, the period of the curves depicted in Fig. 9 is about 35.7 ps, which equals the symbol period of our simulated 28 GBaud coherent optical transmission systems. So this method shows high tolerant to the first order PMD, which is in agreement with the theoretical derivation in Section 2.3.
Conclusion
In conclusion, we have proposed and demonstrated a new data-aided in-band OSNR monitoring method in digital coherent receiver. Using the periodic property of a specially designed short periodic training sequence, this method can achieve fast in-band OSNR monitoring. Theoretical derivation and simulation results also indicate that the method can achieve high accurate OSNR monitoring and tolerate to a large amount of residual accumulated CD and first-order PMD.
